Pathogen recognition and transcriptional activation of defenserelated genes are crucial steps in cellular defense responses. RNA silencing (RNAi) functions as an antiviral defense in eukaryotic organisms. Several RNAi-related genes are known to be transcriptionally up-regulated upon virus infection in some host organisms, but little is known about their induction mechanism. A phytopathogenic ascomycete, Cryphonectria parasitica (chestnut blight fungus), provides a particularly advantageous system to study RNAi activation, because its infection by certain RNA viruses induces the transcription of dicer-like 2 (dcl2) and argonaute-like 2 (agl2), two major RNAi players. To identify cellular factors governing activation of antiviral RNAi in C. parasitica, we developed a screening protocol entailing multiple transformations of the fungus with cDNA of a hypovirus mutant lacking the RNAi suppressor (CHV1-Δp69), a reporter construct with a GFP gene driven by the dcl2 promoter, and a random mutagenic construct. Screening for GFP-negative colonies allowed the identification of sgf73, a component of the SAGA (Spt-Ada-Gcn5 acetyltransferase) complex, a well-known transcriptional coactivator. Knockout of other SAGA components showed that the histone acetyltransferase module regulates transcriptional induction of dcl2 and agl2, whereas histone deubiquitinase mediates regulation of agl2 but not dcl2. Interestingly, full-scale induction of agl2 and dcl2 by CHV1-Δp69 required both DCL2 and AGL2, whereas that by another RNA virus, mycoreovirus 1, required only DCL2, uncovering additional roles for DCL2 and AGL2 in viral recognition and/or RNAi activation. Overall, these results provide insight into the mechanism of RNAi activation.
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Cryphonectria parasitica | hypovirus | RNAi | mycovirus | antiviral defense I nnate immune responses are the primary defense against pathogens. Many defense-related genes are transcriptionally induced upon pathogen attack (1) (2) (3) (4) to minimize the cost of defense, rather than being expressed constitutively. Such genes include those for receptors recognizing molecular patterns of pathogens and downstream components in their signaling pathways in higher eukaryotes. Also included are key genes for RNA silencing, hereafter referred to as RNA interference (RNAi), in many organisms (4) (5) (6) (7) (8) . RNAi is a small RNA-mediated gene-suppression mechanism primarily working as an innate immune response against viruses and conserved in eukaryotic organisms across kingdoms. Structured or double-stranded (ds) RNA derived from viruses is recognized by Dicer and cleaved into duplex of small-interfering RNAs (siRNAs) of 21-26 nt (9, 10) . One of the siRNA strands is incorporated into the Argonaute-involving effector, RNA silencinginduced complex, and guides to its target viral genomic or messenger RNA for degradation.
Fungi provide unique platforms for studying antiviral RNAi. For example, the yeast Saccharomyces cerevisiae, although lacking antiviral RNAi, allows for reconstitution of RNAi against a group of viruses by heterologous transgenic expression of only two components, Dicer-like 1 (DCL1) and Argonaute-like 1 (AGL1), from other yeast species, such as Saccharomyces castellii (11) . In filamentous fungi, a simplified antiviral RNAi operates in which much fewer key players are involved than in plants, as exemplified by the presence of 4 DCL and 10 AGO in a model plant, Arabidopsis thaliana (12, 13) . The filamentous ascomycete, Cryphonectria parasitica, is not only an important plant pathogen that is destructive to chestnut forests but also a model filamentous fungus that provides opportunities to explore virus/host interactions (13, 14) . C. parasitica is known to support replication of diverse viruses, among which Cryphonectria hypovirus 1 [CHV1, with a nonsegmented, positive-sense (+), single-stranded (ss) RNA genome, family Hypoviridae], a member of the expanded picornavirus supergroup (15) , and mycoreovirus 1 (MyRV1, with an 11-segmented dsRNA genome, family Reoviridae) can artificially be introduced into the host. Nuss and colleagues (4, 16) identified two major components, dcl2 and agl2, in antiviral RNAi. Of great interest is a high induction of these genes, particularly dcl2, at the transcription level of ∼40-fold upon infections by CHV1 and some dsRNA viruses, such as MyRV1, but not a victorivirus (Rosellinia necatrix victorivirus 1, RnVV1) in C. parasitica (4, 17) . However, the mechanism by which dcl2 and agl2 are induced by mycoviruses remains largely unknown.
In this study, we developed a genetic screen protocol to identify host factors involved in the induction of the antiviral RNAi pathway, from the sensing of the virus to transcriptional activation of RNAi-related genes in C. parasitica. This protocol entailed multiple transformations of the fungus by a previously established infectious CHV1 cDNA clone (18) , an enhanced green fluorescent protein (eGFP)-based reporter controlled by the dcl2 promoter, and a mutagenic selectable marker cassette (19) . Through this, we identified sgf73, a component of the SAGA (Spt-Ada-Gcn5 acetyltransferase) complex, as necessary for virus-induced RNAi activation. SAGA is a universal transcriptional coactivator with a multimodular structure and coactivates transcription of a subset of genes via histone modification Significance RNAi-mediated antiviral defense is well conserved in eukaryotic organisms. Although several RNAi key genes are transcriptionally up-regulated upon virus infection in many hosts, little is known about their induction mechanism. Here, we developed a screening method for identification of the genes mediating robust transcriptional up-regulation upon infection by RNA viruses of the dicer-like 2 (dcl2) gene of an ascomycetous phytopathogen, chestnut blight fungus. We show that two enzymatic activities of histone acetyltransferase and histone deubiquitinase of the universally conserved SAGA (SptAda-Gcn5 acetyltransferase) complex differentially regulate the transcriptional induction of two main antiviral RNA silencing components, dcl2 and argonaute-like 2 (agl2). A virusspecific pattern requirement of AGL2 and DCL2 as positive feedback players for this transcriptional induction is also noted. (20) . A targeted disruption assay shows the histone acetyltransferase (HAT) module of SAGA to be the main regulator of the key RNAi pathway of the filamentous fungus. A virus-specific pattern requirement of AGL2 and DCL2 as positive feedback players for this transcriptional induction is also noted.
Results
Development of a Reporter System to Identify Mutants Defective in the RNAi Activation. To develop a reporter system to monitor this transcriptional up-regulation, a dcl2 promoter region responsive to virus infection was first identified. The standard C. parasitica strain EP155 was transformed with a series of deletion constructs of the upstream region of dcl2 conjugated with egfp (Fig. 1A, Fig.  S1 , and Table S1 ) and subsequently with CHV1-Δp69 cDNA (Fig. 1A) (pCPXBn-CHV1-Δp69). CHV1-Δp69 lacks 88% of the coding domain of p29 that inhibits dcl2 up-regulation and thus enables augmentation of dcl2 transcripts by several 10-fold (4, 17) . Full-scale promoter activities were observed with constructs carrying the 3-and 2-kb upstream regions, but not with those carrying the 1-kb upstream region (Fig. S1) . In this study, we used the 2-kb construct (pCPXH-Pdcl2D2-egfp) to prepare a reporter fungal strain that theoretically expresses egfp and harbors replicating CHV1-Δp69 in every fungal cell. Note that the reporter transformants green-fluoresced only in the presence of CHV1-Δp69 (Fig. 1B) . We also confirmed that the 2-kb dcl2 promoter was responsive to infection by MyRV1 (Fig. 1B) . In accordance with the eGFP microscopic assay, egfp and dcl2 were found to be transcriptionally up-regulated only upon infection by CHV1-Δp69 or MyRV1 but not in virus-free transformants (Fig. 1C) . Thus, the reporter system with the responsive promoter region was validated.
Screening for Mutants Unable to Respond to Virus Infection. We chose one of the double-transformant strains with pCPXHYPdcl2D2-egfp and pCPXBn-CHV1-Δp69 (Pdcl2D2-egfp+CHV1-Δp69) (Table S1 ) as the parent strain for random mutagenesis with NeoR ( Fig. 2A) . Approximately 1,000 triple-transformants with the mutagenic construct carrying NeoR were screened under confocal laser scanning microscopy (CLSM). Most tripletransformants tested positive for eGFP fluorescence. One of the transformants, designated as B343 (Table S1 ), stably manifested an eGFP-negative phenotype (Fig. 2B ) and was further analyzed in detail. B343, which was confirmed to be homokaryotic, was reduced severely in growth, compared with the parent or EP155 (Fig. 2C) . B343, as well as its single-conidial homokaryotic isolates, B343-1 and B343-2, accumulated less egfp mRNA than the parental strain Pdcl2D2-egfp+CHV1-Δp69 (Fig.  2D) . Transcripts of dcl2 in B343 were also much less than in the parental strain, although slightly higher than in the standard EP155 (Fig. 2D) , suggesting the disruption of a host factors that is necessary for dcl2 induction. Reduction of agl2 transcripts to the level of EP155 coincided with that of dcl2 transcripts (Fig.  2D) . Taken together, the combined results revealed that B343 is able to produce a basal level of transcripts of dcl2 and agl2 but, unlike EP155, unable to respond to virus infection. Southern blotting revealed multiple integrations, in at least two sites, of the mutagenic construct, NeoR ( Fig. 1A and Fig. S2 ). Taking advantage of a PCR-based method (21) , one of the mutated loci was mapped to a gene termed sgf73, homologous to S. cereviciae SGF73 with its product carrying the SCA7 (spinocerebellar ataxia 7) domain (pfam: 08313) (Fig. 2E) . Sgf73 is one of the components of SAGA, a transcriptional coactivator (20) . The NeoR construct was inserted into the fourth intron of a homolog of sgf73 ( Fig. 2E and Table S2 ). The mutation of sgf73 in B343 was validated by RT-PCR, showing no amplified fragment specific for sgf73 transcripts in B343 that were detected in the (47) , and the cassette for random mutagenesis (NeoR). The dcl2 promoter activities, responsive to CHV1-Δp69, were mapped to an upstream region of ∼2.0 kb using a series of deletion mutants (Fig. S1 ). (B) Validation of the reporter construct, pCPXHY-Pdcl2D2-egfp. A transformant (Pdcl2D2-egfp) with the reporter construct was retransformed with pCPXBn-CHV1-Δp69 or infected by a reovirus, MyRV1. These fungal strains were tested for green fluorescence together with virus-free Pdcl2D2-egfp and wild-type EP155 strain (Table S1 ). (Scale bars, 0.1 mm.) (C) Northern analyses of the key fungal strain Pdcl2D2-egfp. Total RNA was isolated from the fungal strains shown in B and analyzed. Probes used in this and subsequent figures specific for the genes shown on the right were DIG-labeled PCR. Ethidium bromide (EtBr)-stained ribosomal RNA (28S rRNA) was used as loading controls in this and all following figures. RT-PCR analysis of sgf73 expression in EP155 and B434. ssRNA fractions from virus-free EP155, parental strain (Pdcl2D2-egfp+CHV1-Δp69) and B434 were used in RT-PCR for detection of sgf73 and actin mRNAs (see Table S3 for primer sequences) were used. standard (EP155) and the parental (Pdcl2D2-egfp+CHV1Δp69) strains (Fig. 2F) . sgf73 encodes a protein of 432 amino acids that possesses two zinc-finger motifs (ZnF1 and ZnF2), one of which resides in the SCA7 domain, which is strictly conserved in homologous proteins (22) (Fig. S3A) . SGF73 showed closer phylogenetic affinity to counterparts from members of the order Diaporthales, to which C. parasitica belongs (Fig. S3B) .
A disruptant of sgf73 (Δsgf73) was prepared in the background of DK80 that supports efficient homologous recombination-based targeted disruption because DK80 lacks the cpku80 gene necessary for nonhomologous recombination (23) ( Table S1 ). The phenotype of obtained disruptants was indistinguishable from B343, indicating that the sgf73 gene is mainly responsible for the mutant phenotype. Δsgf73 showed a debilitation phenotype, being severely reduced in growth either in the presence or absence of CHV1-Δp69 (Fig. 3B) . A closer inspection revealed that mycelia of B343 and Δsgf73 were thicker than those of DK80 (Fig. S4 ). This observation was slightly surprising to us because the debilitation phenotype for B343 was anticipated to be because of defective RNAi activation and CHV1 Δp69 infection, as previously reported for Δdcl2 infected by CHV1 Δp29 or Δp69 (16, 17) .
The disruptant Δsgf73 lost induction of the dcl2 and agl2 transcription upon infection by CHV1-Δp69 (Fig. 3C) . Expression of the wild-type sgf73 gene under the control of the C. parasitica glyceraldehyde-3-phosphate dehydrogenase gene promoter (Pgpd) (Fig. 3A) (pCPX-Pgpd-sgf73) restored the growth of colonies to the comparable level of the parental DK80 strain, regardless of presence or absence of CHV1-Δp69 ( Fig. 3B and Table S1 ), and also restored the responsiveness of the RNAi key genes to the virus (Fig. 3C ). An eGFP-tagged version of SGF73 appeared to be functional in restoring the fungal growth and RNAi responsiveness to CHV1-Δp69 (Fig. 3 A and C and Table S1 ) (pCPX-Pgpd-sgf73-egfp). This functional SGF73 was localized in the nucleus as expected from its bipartite nuclear localization signal (NLS) (Figs. 2E and 3D).
A slight phenotypic difference between DK80 and the complemented strain (Δsgf73+sgf73) requires an explanation. Sequence analysis of sgf73 mRNA revealed that at least three variants were produced whose exon/intron maps are shown in Fig.  S5 . The major variant judged from numbers of cDNA clones obtained is shown in detail (Fig. S5) . It is possible that full complementation of disruptants requires the expression of all of the variants at an appropriate ratio. Alternatively, the use of the heterologous promoter (Pgpd) used for complementation may affect the phenotype, as observed occasionally in other organisms.
Next, we tested whether the deletion of sgf73 affected viral siRNA (vsiRNA) profile. To this end, small RNAs from two host strains, DK80 and Δsgf73, were deep-sequenced. Accumulation of CHV1-Δp69-derived siRNA of 20-23 nt in Δsgf73 was decreased to ∼40% of that in DK80 (Fig. 3 E and F) , but this rate of reduction was smaller than expected from the relative reduction of dcl2 mRNA (Fig. 3C ). Both fungal strains (DK80 and Δsgf73) showed similar patterns for the ratio of sense and antisense vsiRNA (Fig.  3F) , vsiRNA distribution along the CHV1-Δp69 genome (Fig.  S6A) , and 5′-terminal nucleotide preference (Fig. S6B) .
Taking these data together, we find the mutation of sgf73 in B343 was shown to be responsible for loss of dcl2 induction leading to reduced vsiRNA production.
SAGA Mediates Virus-Responsive Induction of RNAi Key Genes.
Sgf73 is known as a component of the SAGA complex with at least four modules: HAT, SPT (recruiting the TATA-binding protein TBP), TAF (TBP-associated factor forming a structural core), and DUB (histone H2B deubiquitination) (20) (Table S2) . Based on studies of the yeast SAGA complex, Sgf73 is believed to be a component of DUB and link the HAT and TAF modules within the complex (24) (25) (26) (27) . To determine whether C. parasitica SGF73 works as a component of SAGA to induce dcl2 in response to virus infection, other SAGA component genes representing HAT and DUB were tested. The C. parasitica homologs of yeast GCN5 and ADA2 (for the HAT module) and the homolog of UBP8 (for the DUB module) (Fig. S7 and Table S2 ), were disrupted in DK80. Although gcn5 encodes the key catalytic enzyme, histone acetyltransferase, ubp8, codes for histone deubiquitinase (20) . DK80 infected by CHV-Δp69 was reduced in growth of aerial hyphae while maintaining conidiation and pigmentation compared with virus-free DK80 (Fig. 4A) . The phenotype of gcn5 and ada2 disruptants (Δgcn5 and Δada2) was similar to that of Δsgf73, characterized by severely reduced growth that was slightly exacerbated by CHV-Δp69 infection (Fig. 4A) . In contrast, the phenotype of disruptants of ubp8 and lzf1 (a SAGA-unrelated gene) (Fig. S7 ) (Δubp8 and Δlzf1) was not as severely affected as those of Δgcn5 and Δada2 (Fig. 4A) . Interestingly, CHV1-Δp69 infection did not cause significant phenotypic change in either Δubp8 or Δlzf1 (Fig. 4A) .
No dcl2 transcriptional induction was observed in Δgcn5 or Δada2 infected with CHV1-Δp69 (Fig. 4B) , as in the case for B343 and Δsgf73 (Figs. 2D and 3C ). In contrast, dcl2 inducibility was retained in Δubp8 and Δlzf1 (Fig. 4B) . Accumulation levels of agl2 in CHV1-Δp69-infected Δgcn5, Δada2, and Δubp8 were between those shown by virus-free DK80 (uninduced state) and CHV1-Δp69-infected DK80 or -Δlzf1 (Fig. 4B) , showing partial abrogation of the agl2 up-regulation in these disruptants.
Taken together, these results suggest that the HAT activities in C. parasitica are more influential in the up-regulation of the RNAi genes than DUB activities, and dcl2 and agl2 transcription is differently regulated by SAGA components.
dcl2 Induction by Distinct Viruses Is also Mediated by the SAGA Complex. Besides CHV1-Δp69, other viruses are known to markedly induce dcl2 induction (17, 28) . Thus, it was of interest to investigate whether dcl2 is up-regulated by other viruses in disruptants of SAGA complex components. Two dsRNA viruses, MyRV1 and an alphapartitivirus, Rosellinia necatrix partitivirus 3 (RnPV3), were chosen. As a result, like CHV1-Δp69 [(+) ssRNA virus], the two viruses failed to induce transcription of dcl2 in Δsgf73, indicating the involvement of the SAGA complex in the transcriptional regulation with dsRNA virus infection (Fig. S8) .
Virus-Specific and -Nonspecific Requirement of AGL2 and DCL2 for the Full-Scale dcl2 Induction. It was hypothesized earlier that DCL2 and AGL2 have a positive feedback in their up-regulation (17) . First, we tested whether DCL2 plays a role in RNAi activation. Δdcl2 with the background of the standard EP155 fungal strain (16) was transformed with pCPXNeo-Pdcl2D2-egfp ( Fig. 1) and then infected with CHV1-Δp69 or MyRV1. Deletion of dcl2 resulted in complete loss of dcl2 transcriptional elevation upon infection by either virus (Fig. 4C) . This result was supported by green fluorescence intensity, as assessed by CLSM (Fig. S9) .
Similarly, effects of the agl2 deletion on dcl2 transcriptional elevation were examined. Interestingly, different dcl2 induction patterns were observed between Δdcl2 and Δagl2. That is, Δagl2 was able to up-regulate dcl2 upon infection by MyRV1, whereas it was unable to induce dcl2 to the full-scale level upon infection by CHV1-Δp69 (Fig. 4C and Fig. S9 ). These results indicate that CHV1-Δp69 requires AGL2, and not MyRV1, for dcl2 induction.
Taken together, these results suggest that DCL2 is essential for virus infection-triggered dcl2 transcriptional induction, whereas AGL2 is required for it in a virus-specific manner.
Discussion Antiviral RNAi is a well-conserved defense mechanism in eukaryotic organisms. Mechanisms of its transcriptional regulation remain largely unknown but appear to be regulated differently in different organisms (5, 6, 29, 30) . We have developed a genetic screen protocol using an infectious cDNA clone of a CHV1 mutant, Δp69, which lacks a viral suppressor of RNA silencing (VSR), p29, and induces the key RNAi genes excessively (Fig. 1) . This approach will be applicable to the assessment of RNAi activation patterns in different fungi that can support CHV1 replication (31, 32) . Given the large number of viruses hosted by C. parasitica (14, 33) , the reporter fungal strain (Fig. S8) will be useful for testing RNAi induction by those various viruses.
The genetic screen allowed the identification of sgf73, a homolog of S. cerevisiae SGF73 (Fig. 2) . Sgf73 is a component of the highly conserved transcriptional coactivator SAGA that in yeast is involved in the regulation of ∼10% of all genes (34, 35) . Extension of the N-terminal polyglutamine tract of its human homolog, ataxin-7, causes a neurodegenerative disorder (36) . The SAGA complex is composed of at least four functional modules, HAT, SPT, TAF, and DUB. All homologous components except for Sus1 are searchable in the C. parasitica genome sequence (Table  S2 ). From observations in S. cerevisiae (26), Sgf73 is one of the DUB components that bridges the other two modules (TAF and HAT) via physical interaction with Ada2, Taf12, and possibly other components (25, 37) . DUB comprises Sgf11, Sus1, and Sgf73 in addition to Ubp8, whereas HAT consists of Gcn5, Ada2, Ada3, and Sgf29 (Table S2 ). Our disruption assay of a few components of the two catalytic HAT (gcn5 and ada2) and DUB modules (ubp8 and sgf73) has provided interesting insights. Disruptants of gcn5 and ada2 have been observed to show a similar phenotype (debilitated colony morphology and abolished dcl2 induction) to sgf73 disruptants (Figs. S3 and S4). A discernable difference between them was that agl2 transcription was completely abolished in Δsgf73, whereas it was still enhanced measurably, although not to the level of the parental strain (DK80), in Δgcn5 and Δada2 (Fig. 4B ). Disruption of ubp8 had no effects on the dcl2 induction but moderate effects on agl2 transcription as in Δgcn5 and Δada2, whereas that of a SAGA-unrelated gene lzf1 had no effect on dcl2 or agl2 transcriptional induction triggered by CHV1-Δp69 (Fig. 4B ). These observations allow us to conclude and suggest a few points as follows.
Our results support the view that high activation of RNAi, via transcription up-regulation of dcl2, is mediated by SAGA as a transcriptional coactivator rather than by SGF73 molecules alone. However, we cannot exclude the possibility that complexes other than SAGA, such as the SAGA-like complex (27, 38) , components of which are shared with SAGA, mediate transcriptional regulation of dcl2. Roles of the SAGA complex in abiotic stress responses have been extensively studied in other organisms, particularly in yeast (34, 39, 40) , but rarely in biotic stress conditions, including virus infection. This is an example of SAGA's involvement in an antiviral response. Our results suggest that HAT activities regulate dcl2 induction, whereas agl2 transcriptional augmentation is governed by both HAT and DUB activities in an additive way. Given that Sgf73 bridges the two modules, HAT and DUB, it may not be surprising that disruption of sgf73 leads to inhibition of both enzymatic activities of SAGA, as observed in the deletion mutant of SGF73 in S. cerevisiae (25) . In filamentous fungi, two recent reports suggest the SAGA complex of filamentous ascomycetes appears not to include DUB, although Sgf73 is part of the complex (41, 42) . Moreover, Sus1, which along with Sgf11 bridges Ubp8 and Sgf73 (22), is not conserved or considerably diverged in filamentous fungi (41, 42) . It should also be noted that plants have no SGF73 homolog, suggesting that HAT and DUB are independent structures (40) . Therefore, our results with Δsgf73 can be interpreted alternatively. The DUB may act independently of Table S1 ). The two complemented strains were fused to EP155 infected CHV1-Δp69 for its horizontal transfer. To obtain Δsgf73 infected with CHV1-Δp69, DK80 was pretransformed with pCPXNeo-CHV1-Δp69 ahead of sgf73 disruption (see SAGA in filamentous ascomycetous fungi, such as C. parasitica, to up-regulate only agl2 transcription (Fig. 4D) . This study provides a framework for understanding possible structural and functional commonalities and differences between SAGAs of filamentous fungi and other eukaryotic organisms.
CHV1-Δp69 stably replicates in RNAi-competent EP155, and its accumulation is greatly enhanced in Δdcl2 (Fig. 4C) . Thus, despite lacking the VSR p29, CHV1-Δp69, which is native to C. parasitica, appears to be more tolerant to activated RNAi in C. parasitica than RnVV1, which is a heterologous virus originally isolated from R. necatrix, another phytopathogenic ascomycete (17) . Given the marked reduction in transcription of the two key genes of RNAi, antiviral defense was anticipated to be compromised in B343 and Δsgf73. However, CHV1-Δp69 accumulated to the equal or slightly lower level than in the parental strain (Figs.   2D and 3C ). These findings suggest that possible mutations simultaneously affect the expression of host factors that support CHV1-Δp69 replication in Δsgf73. The dcl2 transcription was measurably induced upon infection by CHV1-Δp69 in Δsgf73 (Fig.  3C) , suggesting that the sgf73-defficient HAT module is still partially functional in the induction. Thus, it is also possible that the slight but measurable dcl2 up-regulation leads to sufficient siRNA production for inhibition, to a certain extent, of CHV1 accumulation.
Debilitated growth in the absence of virus, observed in Δsgf73, Δada2, and Δgcn5 (Figs. 3 and 4) , is considered to result from the abolishment of the HAT activity of SAGA. Similar consequences (severe growth defect) after disruption of HAT components have been reported for filamentous fungi and S. cerevisiae (41, 42) . Additionally, in Candida albicans, deletion of GCN5 leads to impaired Table S1 ). The first three genes are possible key players in SAGA, and the last one encodes an unrelated zinc-finger protein. The four genes were disrupted in DK80 to obtain Δubp8, Δgcn5, Δada2, and Δlzf1 that were infected or uninfected by CHV1-Δp69. CHV1-Δp69 was introduced into these disruptants by horizontal transfer or pretransformation with viral cDNA (Materials and Methods). (B) Northern analysis of the disruptants. Whereas DK80, Δubp8, and Δlzf1 showed up-regulation of dcl2, no such dcl2 induction was observed in the other two disruptants. (C) Requirement of DCL2 and AGL2 for virus-induced RNAi induction. The dcl2 and agl2 disruptants were retransformed with pCPXNeo-Pdcl2D2-egfp (Table S1 ). These two strains, together with EP155 transformant (Pdcl2D2-egfp), were fused to EP155 infected CHV1-Δp69 or MyRV1 for its horizontal transfer. Resultant fungal strains were examined for egfp induction by Northern analysis (or green fluorescence by microscopy) (Fig. S9) . (D) A model for virus-induced up-regulation of dcl2 and agl2 transcription. The model is an updated version of the model previously proposed by Chiba and Suzuki (17) . Virus infection is perceived by an unidentified host sensor (step 1, virus recognition), its signal is transduced and transmitted to the nucleus (step 2, SAGA recruitment) to enhance the transcription of a subset of genes including dcl2 and agl2, in which the histone acetyltransferase activities of SAGA are involved (step 3, transcriptional activation). The DUB module appears to be an independent contributor to the high transcriptional activation of only agl2. The dcl2 is induced by MyRV1, but not by CHV1-Δp69 in the absence of AGL2. This virus-specific requirement of AGL2 for the dcl2 up-regulation adds complexity to the model. invasive hyphal growth, induction of a thick stubby pseudohyphaelike form, and loss of pathogenesis (43) . It is conceivable that a portion of genes regulated by SAGA includes essential genes for normal growth. In contrast, disruption of C. parasitica ubp8 exerts minimal effects on fungal growth (Fig. 4A) , as in the case of other fungi (44) .
Nuss and colleagues (4, 17) and our group collectively suggested a difference in the requirement of AGL2 for activation of RNAi upon infection by different viruses. This study clearly showed that MyRV1 required DCL2, but not AGL2, for dcl2 full-scale induction (Fig. 4C) , whereas AGL2 has an auxiliary positive effect on CHV1-Δp69 infection-mediated RNAi induction (Fig. 4C) . Thus, these results revealed additional roles of DCL2 and AGL2, possibly in the steps leading to the recognition of the incoming virus and transcriptional activation (Fig. 4D) , which is in line with our earlier model in which DCL2 and AGL2 have a positive feedback in this RNAi activation upon infection by viruses (17) . Now added to the model as important players are GCN5, ADA2, SGF73, and UBP8, all of which are expected to work for histone modification to facilitate the entry of transcriptional machinery through relaxing the chromatin structure (Fig. 4D) , as supported by the nuclear localization of functional eGFP-tagged SGF73 (Fig.  3D) . Moreover, our restriction enzyme-based analysis suggests that no DNA methylation in the promoter and coding region of dcl2 is associated with the alteration of its transcriptional status (Fig. S10) , and a recent report suggested DNA methylation to be involved in repression of some transposons and genes in a filamentous fungus (45) . However, there are still many missing links between perception of virus infection and transcriptional upregulation of the RNAi key genes. Their identification using the currently developed screen protocol is underway. In this regard, it is noteworthy that a basic leucine zipper-type and a forkhead box O-type transcription factor have been shown to regulate RNA silencing genes in plant and insect, respectively (29, 46) . It will also be of interest to further explore whether SAGA, conserved across eukaryotic organisms from yeast to humans, serves as an RNAi regulator in these organisms and what viral factors determine the virus-specific RNAi activation and requirement of AGL2 for RNAi induction. More studies are needed to address these interesting questions.
Materials and Methods
Viral and Fungal Strains. All fungal and viral strains used in this study are listed in Table S1 . Three viral strains were used: an ORF A mutant of CHV1 with an undivided (+)RNA genome (CHV1-Δp69b, GenBank accession no. M57938 with an internal deletion 496-2,363 nt) lacking the VSR, p29 (47) , and a reovirus, MyRV1, with a 11-segmented dsRNA genome (48, 49) .
C. parasitica standard strain EP155 and its RNAi-deficient derivatives Δdcl2 and Δagl2 (4, 16) were generous gifts from Donald L. Nuss (University of Maryland, College Park, MD). C. parasitica strain DK80, a mutant of EP155 disrupted in the cpk80 gene (23), was a generous gift from Bao-shan Chen, (Guangxi University, Nanning, China). The EP155 strains infected with CHV1-WT, CHV1-Δp69, or MyRV1 (EP155/CHV1-wt, EP155/CHV-Δp69, and EP155/ MyRV1) were described earlier (47, 49) . Virus horizontal transfer from respective donor strains was successively repeated to avoid heterokaryon formation. Fungal cultures were grown at 22-27°C on potato dextrose agar (PDA) plates on the bench-top for maintenance and phenotypic observations and in potato dextrose broth liquid media in the dark for RNA preparation.
Plasmid Construction and Transformation of C. parasitica. Major expression vectors for C. parasitica include pCPXHY2 (50), pCPXBn2 (19) , and pCPXNeo (4) . A DNA fragment corresponding to CHV-Δp69 cDNA (47) was inserted into the NotI site of pCPXHY3 and pCPXBn2 to produce pCPXH-CHVΔp69 and pCPXBn-CHV-Δp69, respectively. The dcl2 promoter linked to the egfp coding domain (Pdcl2D2-egfp) fragment was generated by overlapped PCR and cloned between EcoRI and SphI sites of pCPXHY3 and pCPXNeo to produce pCPXHY-Pdcl2D2-egfp and pCPXNeo-Pdcl2D2-egfp, respectively (Fig. 1A) . A sgf73 DNA fragment was generated by RT-PCR and inserted between HpaI and SphI sites of pCPXHY3 to produce pCPXHY-sgf73. The sgf73-egfp fragment was generated by overlapped PCR and inserted between HpaI and SphI sites of pCPXHY3 to produce pCPXHY-sgf73-egfp (Fig. 3) .
Transformation of C. parasitica protoplasts and subsequent selection with hygromycin B were performed as described previously (18) . An approach similar to the one reported by Faruk et al. (19) was taken to screen for genetic factors involved in RNA silencing regulation. First, pCPXBn-CHV1-Δp69 was used to transform the EP155 standard strain of C. parasitica (benomyl selection). Virus autonomous replication is initiated in all transformed cells from CHV1-Δp69 transcripts produced from chromosomally integrated cDNA (18) . Homokaryotic transformant strains were retransformed by the pCPXHY-Pdcl2D2-egfp (hygromycin selection). Finally, double transformants (Pdcl2D2-egfp+CHV1-Δp69) were transformed with a neomycin resistance gene cassette (NeoR) amplified by PCR on pCPXNeo for mutagenesis (neomycin selection). Triple transformants grown on neomycin (G418)-containing PDA plates were screened for loss of green fluorescence. The pCPXNeo-Pdcl2D2-egfp plasmid was used to transform Δdcl2 and Δagl2 strains (neomycin selection) because these mutant strains already contain a hygromycin resistance gene. For generation of Δsgf73, Δgcn5, Δada2, Δubp8, and Δlzf1 deletion (knockout) mutants through homologous recombination, DNA fragments, which consist of a NeoR cassette flanked with 700-bp sequences derived from the both upstream and downstream sequences of the coding region of the target gene, were generated by overlapped PCR and were used to transform strain DK80 (neomycin selection). Because Δsgf73, Δgcn5, and Δada2 mutants were incompetent for viral transmission by hyphal anastomosis, a DK80 strain was first transformed with pCPXHY-CHV1-Δp69 (hygromycin selection) and then used to generate Δsgf73, Δgcn5, and Δada2 knockout mutants through homologous recombination. The deletion of the target gene was confirmed by genomic PCR. For complementation analysis, pCPXHY-sgf73 and pCPXHY-sgf73-egfp plasmids were used to transform Δsgf73 mutant strain (hygromycin selection). All knockout mutant strains were subjected to single-conidial spore isolation and representative homokaryon strains were selected for use.
Sequence and Phylogenetic Analyses. A draft sequence of C. parasitica genome (Cryphonectria parasitica EP155 v2.0, JGI/MycoCosm, genome.jgi.doe. gov/Crypa2/Crypa2.home.html) was screened for yeast SAGA homologs (42) . Sequence data were analyzed using GENETYX-MAC (Software Development Co) or Enzyme X v3.3.3 (nucleobytes.com/enzymex/index.html). The conserved protein domains were predicted from the National Center for Biotechnology Information (NCBI) conserved domain database (https://blast.ncbi.nlm.nih.gov/ Blast.cgi) (51) . The putative NLS and coiled-coil domain were determined using cNLS Mapper (nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) (52) and EMBnet COILS (www.ch.embnet.org/software/COILS_form.html) (53), respectively. Multiple sequence alignments and phylogenetic tree construction were performed using MAFFT v7 (54) and PhyML 3.0 (55) with automatic model selection by SMS (Smart Model Selection) (www.atgc-montpellier.fr/phyml-sms/). eGFP Observation. eGFP expression in fungal mycelia was observed using an Olympus Fluoview FV1000 confocal laser scanning microscope (Olympus) as described previously (14) .
RNA and DNA Analyses. Total RNA and genomic DNA were extracted as described previously (56) . Identification of genomic regions flanked a NeoR cassette sequence was performed using fusion primer and nested integrated-PCR method, as described previously (21) . DNA blot analysis was performed as described previously (57) . sgf73 transcripts were amplified by RT-PCR and sequenced. The 5′ and 3′ ends of sgf73 mRNA were determined using a FirstChoice RLM-RACE Kit (Thermo Fisher Scientific). RNA blotting was performed as described previously (57) . Single-stranded RNA fractions obtained from each of the fungal strains were probed by DIG-labeled PCR products specific for genes or virus. All of the primers used in this study are listed in Table S3 .
Virus-Derived Small RNA Analysis. Total RNA was isolated from two fungal strains, DK80 and Δsgf73, infected with CHV1-Δp69, as described by EusebioCope and Suzuki (56) . Small RNA cDNA library construction and sequencing were performed by Macrogen Japan using the Illumina TruSeq Small RNA Library Preparation Kit and the HiSeq 2000 system (50-bp single-end reads). Raw reads were cleaned by trimming off the adaptor sequences and the low-quality reads and <18-nt or >30-nt reads were excluded. The remaining reads were mapped to CHV1-Δp69 by CLC Genomics Workbench (v9.5, CLC Bio). The program MISIS2 (58) was used to view and analyze small RNA maps of viruses. of the fungal strains (Δdcl2, Δagl2, Cp9B21, DK80, W1029) and plasmid clones; and Dr. Sotaro Chiba for his helpful comments on the manuscript. This study was supported in part by Yomogi Inc., and Grants-in-Aid for Scientific Research (A) and on Innovative Areas from the Japanese Ministry of Education, Culture, Sports, Science, and Technology (KAKENHI 25252011 and 16H06436) (to N.S. and H.K.).
